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INTRODUCTION
/ l or prothrombin activity < 50 % ; (iv) refractory ascites; (v) enterobiliary refl ux; and (vi) adhesion between the tumor and the gastrointestinal tract. In general, we performed RFA on Child-Pugh class A or B patients, a single tumor ≤ 5 cm in diameter, or three or fewer tumors ≤ 3 cm in diameter. In cases beyond these conditions, we performed RFA on patients who were likely to benefi t from this procedure for possible cure or prolongation of life. No patients were excluded solely on account of tumor location ( 18 ) . Informed consent was obtained from each patient. Th is study was conducted according to the ethical guidelines of the 1975 Declaration of Helsinki and approved by the institutional review board (Registration ID: P98C05-11Y).
Patients
In this cohort study, we analyzed a prospectively collected computerized database. Between February 1999 and December 2009, 2,825 HCC patients were admitted once or more to the Department of Gastroenterology, the University of Tokyo ( Figure 1 ). At initial hospitalization, 1,485 had primary HCC and the remaining 1,340 had recurrent HCC. In the recurrent HCC patients, primary HCC had previously been treated by therapies other than RFA.
Of the 1,485 primary HCC patients, 1,294 (87.1 % ) underwent percutaneous ablation as the initial treatment, including RFA. Th e remaining 191 patients underwent other therapies: hepatic resection, 29 patients with good liver function and who consented to an operation; transarterial chemoembolization, 149 with multinodular or large tumors that could not be treated by ablation therapies; systemic chemotherapy, three with extrahepatic metastasis; and only supportive care, 10 with decompensated cirrhosis or poor general condition.
Of the 1,294 patients treated by percutaneous ablation, 1,170 underwent RFA and the other 124 underwent ethanol injection. Th e choice of therapy was made as follows: between April 1999 and January 2001, 232 patients with three or fewer tumors, each ≤ 3 cm in diameter, and Child-Pugh class A or B liver function were entered into a randomized controlled trial to compare RFA with ethanol injection ( 6 ) . Patients outside these inclusion criteria were mostly treated by RFA. Aft er this trial, RFA was generally the treatment of choice, and ethanol injection was administered only to those considered unsuitable for RFA; ethanol injection was administered to those with either enterobiliary refl ux or adhesion of the tumor to the gastrointestinal tract.
HCC was diagnosed based on typical imaging fi ndings; that is, early-phase enhancement and late-phase contrast washout on dynamic computed tomography (CT) ( 19 ) . HCC diagnosis was also confi rmed by biopsy in 1,078 (92.1 % ) of the 1,170 patients with RFA-treated primary HCC. A total of 998 (85.3 % ) were diagnosed as having liver cirrhosis.
In general, transarterial chemoembolization was combined with RFA in patients with either ≥ 4 tumors or those with even one tumor > 3.0 cm in diameter, although indication criteria of this combination had changed over time. Th e combination of trans arterial chemoembolization with RFA was performed in 324 primary HCC patients.
Treatment methods
RFA was performed on an inpatient basis. Preoperative planning including evaluation of all imaging studies, and careful ultrasound examination was performed to identify the tumors and determine the access routes.
Th e procedure was performed according to an institutional protocol and in the presence of three physicians. One physician inserted the electrode under ultrasound guidance while another assisted the procedure; at least one had 8-year or longer experience of percutaneous ablation therapies. Th e remaining physician was responsible for the ultrasound machine and data recording. Video recording was performed occasionally to improve and standardize the procedure.
Th e precise techniques of RFA are described elsewhere ( 6 ) . Briefl y, all RFA procedures were performed percutaneously under ultrasound guidance (Power Vision 8000, Aplio XV or Aplio XG; Toshiba, Tokyo, Japan). We used artifi cial pleural eff usion ( 20 ) or artifi cial ascites ( 21 ) for tumors, which were in the hepatic dome or adjacent to the gastrointestinal tract. Aft er administration of sedatives and local anesthesia, a 17-gauge cooled-tip electrode (CoolTip; RF Ablation System, Covidien, Boulder, Colombia, CO) was inserted. Radiofrequency energy was delivered for 6 -12 min for each application. For large tumors, the electrode was repeatedly inserted into diff erent sites, such that the entire tumor could be enveloped by assumed necrotic volumes. Following the procedure, the patient remained in bed until the next morning.
A CT scan with a 5-mm section thickness was performed 1 -3 days aft er RFA to evaluate technique eff ectiveness ( 22 ) . Complete ablation was defi ned as hypoattenuation of the entire tumor. We intended to ablate not only the tumor but also some of the liver 
LIVER
Radiofrequency Ablation for HCC: 10-Year Outcome parenchyma surrounding it. When we suspected that unablated tumor portions remained, the procedure was repeated. We did not predefi ne the procedure number in a treatment: treatment was generally continued until CT imaging demonstrated necrosis of the entire tumor.
Follow-up
To detect recurrence at an early stage, serum α -fetoprotein (AFP), lectin-reactive AFP (AFP-L3), and des-γ -carboxy-prothrombin (DCP) levels were measured monthly, and CT and ultrasonography were performed every 4 months. Local tumor progression was defi ned as the appearance of viable cancer tissue touching the initially treated tumor ( 22 ) and distant recurrence as the emergence of one or several tumor(s) separate from the primary site. Chest CT or bone scintigraphy was performed if extrahepatic recurrence was suspected. RFA was used for recurrence if the patient still met the indication criteria. If multiple recurrences were not treatable with RFA, transarterial chemoembolization was generally performed.
Statistical analysis
Th is is a report of a consecutive case series: all RFA treatments performed on primary HCC patients at the Department of Gastroenterology, University of Tokyo between February 1999 and December 2009 were included and none was excluded. Data are presented as mean ± s.d. for quantitative variables, and as absolute frequencies for qualitative variables. A " procedure " was defi ned as a single intervention episode comprising one or more ablation performed on one or more tumors and a " treatment " as the completed eff ort to ablate one or more tumors. A treatment comprised one or more procedures ( 22 ) .
" Technique eff ectiveness " rate was defi ned as the percentage of successfully eradicated macroscopic tumors, as evidenced by CT scan 1 -3 days aft er the last procedure ( 22 ) .
Overall survival was calculated in the 1,170 primary HCC patients. Survival curves were generated by the Kaplan -Meier method. In addition to overall survival, some subgroup analyses were performed with clinical characteristics including tumor size, tumor number, and liver function. Recurrence was evaluated in 1,138 of the 1,170 primary HCC patients; the remaining 32 patients were excluded from the recurrence analysis because some small tumors had been left untreated by RFA on account of detection failure by ultrasonography. Recurrence rates were calculated by the Gaynor ' s method ( 23 ) . All time estimates were made from the date of the fi rst RFA. Th e follow-up was fi nalized at either death or the last visit to the outpatient clinic before 31 December 2009. Transplanted patients were censored from this study at the date of transplantation.
Th e prognostic relevance of 19 baseline variables ( Table 1 ) , the combination of transcatheter arterial chemoembolization (TACE) with RFA, HCC recurrence, and the number of RFA sessions to survival was analyzed by univariate and multivariate Cox proportional hazards regression models. Th e prognostic relevance of 19 baseline variables ( Table 1 ) , the combination of TACE with RFA, and the number of RFA sessions to local tumor progression and distant recurrence was also analyzed by univariate and multivariate models. All variables with a P value < 0.05 by univariate comparison were subjected to multivariate analysis. Some continuous variables in which log-linearity could not be assumed were transformed into categorical variables. In multivariate analysis, we evaluated two models that contained either Child-Pugh class or its components to avoid multicollinearity. A stepwise variable selection was performed with Akaike Information Criteria in multivariate analysis. Th e results of multivariate analyses were presented as a hazard ratio with corresponding 95 % confi dence interval (CI), with P values from the Wald test. All signifi cance tests were twotailed, and diff erences with a P value < 0.05 were considered statistically signifi cant.
Complications were defi ned according to the guidelines of the Society of Interventional Radiology ( 24 ) .
RESULTS

Antitumor effect
We performed a total of 2,982 RFA treatments for the 1,170 primary HCC patients, comprising 4,514 procedures. Th us, procedure number per treatment was 1.52 ± 0.78. Many patients undergoing RFA for treatment of primary HCC received iterative RFA treatments for recurrence. A total of 485 patients underwent RFA treatment once, 247 twice, 177 thrice, 94 four times, 70 fi ve times, 35 six times, 23 seven times, 14 eight times, 7 nine times, 7 ten times, 6 eleven times, 2 twelve times, 2 thirteen times, and 1 fourteen times. Table 2 ). Survival rates diff ered signifi cantly with tumor size ( P < 0.0001), tumor number ( P = 0.0003), and Child-Pugh class ( P < 0.0001). In the Child-Pugh class A or B patients with a single tumor ≤ 5 cm in diameter, or three or fewer tumors ≤ 3 cm in diameter, the 5-year survival rate was 63.8 % (95 % CI: 59.9 -67.9 % ), while in those outside these criteria, it was 46.4 % (95 % CI: 39.4 -54.8 % ).
Univariate analysis showed 19 of the 22 variables relevant to survival. In multivariate analysis that contained Child-Pugh class but not its components, a model that contained age, antibody to hepatitis C virus (anti-HCV), Child-Pugh class, tumor size, tumor number, serum DCP level, and serum AFP-L3 level was selected ( Table 3 ) . Th e other model that contained the components of Child-Pugh class is shown in Supplementary Table online .
Recurrence
Recurrence developed in 741 patients. Local tumor progression alone was found in 25, local tumor progression with distant recurrence was found in 9, and distant recurrence alone was found in the other 707 patients. Of these 707 patients, 13 had the fi rst recurrence in extrahepatic sites: 7 had lymph node metastasis, 3 had peritoneal seeding, 1 had lung metastasis, 1 had bone metastasis, and the remainder had both peritoneal seeding and lung metastasis. No recurrence developed in the remaining 397 patients.
Of the 741 patients, the fi rst recurrence was treated by iterative RFA in 659 (88.9 % ), transarterial chemoembolization in 69 (9.3 % ), systemic chemotherapy in 4 (0.5 % ), surgical resection in 3 (0.4 % ), radiation therapy in 2 (0.3 % ), and supportive care in 4 (0.5 % ). Males, n ( % ) 751 (64.1)
Viral infection
HBs-Ag-positive, n ( % ) 127 ( 
DISCUSSION
Th is study describes our 10-year clinical experience with RFA at a high-volume center. We performed the 2,982 RFA treatments on a total of the 1,170 primary HCC patients, showing that RFA has a high antitumor eff ect. Tumors were judged to have been completely ablated by fi nal CT imaging in 99.4 % of the treatments.
Complete response was achieved not only in the fi rst RFA but also in iterative RFA for recurrence. Although complete response rate diff ered with tumor size, there was not a sharp drop-off in eff ectiveness. Th e complete response rate may be higher in this study than others probably because we generally repeated the procedure until CT imaging demonstrated complete tumor necrosis, whereas many other studies limited the procedure number of RFA to 2 -3 ( 11, 13, 15 ) . Complete ablation of tumors has been reported to be related to improved survival ( 25 ) . Th ere were the 18 treatments in which we did not perform additional RFA for residual cancer tissue. In those treatments, usefulness of RFA had been unclear at the initial session because of liver dysfunction or tumor burden.
Th e 1-, 3-, 5-, 7-, and 10-year rates of local tumor progression with or without distant recurrence were 1.4 % (95 % CI: 0.7 -2.1 % ), 3.2 % (95 % CI: 2.1 -4.3 % ), 3.2 % (95 % CI: 2.1 -4.3 % ), 3.2 % (95 % CI: 2.1 -4.3 % ), and 3.2 % (95 % CI: 2.1 -4.3 % ), respectively ( Figure 3 ). Univariate analysis demonstrated that prothrombin time and serum AFP, DCP, and AFP-L3 levels were correlated to local tumor progression, whereas multivariate analysis showed that serum DCP level alone was signifi cantly correlated. Tumor size was not correlated to local tumor progression.
Th e 1-, 3-, 5-, 7-, and 10-year rates of distant recurrence without local tumor progression were 25. Univariate analysis demonstrated 14 variables relevant to distant recurrence, whereas multivariate analysis showed that anti-HCV, Child-Pugh class, platelet count, tumor size, tumor number, serum AFP level, and serum DCP level were signifi cantly related to distant recurrence ( Table 3 ) .
Complications
A total of 67 complications were encountered ( Table 4 ) . Th e incidence rates of complications per treatment and per procedure were 2.2 % (67 / 2,982) and 1.5 % (67 / 4,514), respectively. One patient Th is study shows that RFA could achieve long-term survival for as long as 10 years. Sixteen patients treated by RFA survived for > 10 years. Th e variables relevant to survival were similar to those found in previous studies on ethanol injection ( 26, 27 ) , RFA, hepatic resection ( 28 ) , and transarterial chemoembolization ( 29 ) . Both liver function and tumor-related factors were associated with survival. In addition, age and anti-HCV were relevant to survival in this study. Age was among the prognostic factors, probably because 23.0 % of the patients were > 75 years old, which resulted in a higher percentage (18.5 % ) of liver-unrelated deaths in this study compared with others. Anti-HCV was among the prognostic factors, probably because anti-HCV-positive patients developed distant recurrence more frequently.
HCC frequently recurred aft er RFA; most recurrences were, however, not local tumor progression but distant recurrence. Frequent recurrence is not specifi c to RFA. Aft er hepatic resection, the In this study, 324 of the 1,170 patients were treated with combination of TACE and RFA at the initial treatment. Th us, we evaluated the combination as a possible variable that infl uences survival or recurrence. Univariate analysis demonstrated that the combined therapy was signifi cantly correlated to overall survival, whereas multivariate analysis did not show the relationship. TACE was generally combined with RFA in patients with either ≥ 4 tumors or those with even one tumor > 3.0 cm in diameter. Th is is why the correlation was signifi cant in univariate analysis, while it was not in multivariable model in which the eff ect of other risk factors, such as tumor number and tumor size were adjusted. Th e combination of TACE and RFA was not signifi cantly related to either local tumor progression or distant recurrence.
RFA was a safe procedure. Although many patients treated by RFA in this study were at high risk for surgical treatment because of advanced cirrhosis or other comorbidities, complications occurred in only 2.2 % of the treatments. Other investigators have also reported low complication rates of 0 -6.1 % ( 11,13 -16 ). For hepatic resection, morbidity rates of 38 -47 % have been reported even in recent studies ( 36 -38 ) .
To date, percutaneous ethanol injection has been considered the standard in ablation ( 5 ). However, randomized controlled trials have demonstrated the superiority of RFA ( 6 -9 ), with RFA now largely replacing ethanol injection. We have also shift ed from ethanol injection to RFA ( 10 ) . At our department, RFA is currently the fi rst option and ethanol injection is performed only on patients on whom RFA cannot be performed safely because of either enterobiliary refl ux, adhesion between the tumor and the gastrointestinal tract, or other reasons.
Surgical resection has been considered the treatment of choice for HCC. Our fi rst option for resectable HCC was also surgery. However, most patients who came to our department visited us because they did not want surgical resection. Th us, many patients in this study underwent RFA not because of unresectable tumor but because of refusal of surgery. Th ose who preferred surgery would have directly gone to the surgical department that has extensive experience in hepatic resection ( 38 ) .
It is not easy to compare outcomes between RFA and surgical resection; the indications are diff erent between the two treatments. Furthermore, indications for each treatment are diff erent from institution to institution. Th us, a case adjudged to be treatable by RFA or surgical resection at an institution may not be given the same treatment at another. Th e best known indication criteria for surgical resection may be those proposed in the Barcelona Clinic Liver Cancer (BCLC) protocol ( 5 ), which states that surgical resection should be restricted to patients with performance status 0, Child-Pugh class A, single HCC, normal portal pressure, and normal serum bilirubin level. In patients satisfying those criteria, the 5-year survival rate is expected to be > 70 % ( 30 ) . In this study, 237 tumor recurrence rate exceeds 70 % at 5 years ( 30, 31 ) . In this study, periodic follow-up detected most recurrences at limited stage. RFA was performed again for fi rst recurrence in almost 90 % of cases, although multimodal treatments were used in a long-term followup. On the other hand, repeat resection rate for fi rst recurrence has been reported to range from 10.4 to 30.6 % ( 31,32 ). Because RFA is less invasive than hepatic resection, iterative RFA can be performed for recurrence more easily.
Local tumor progression was found less frequently in this study than in other studies, having been reported to be around 10 % at 3 years following RFA ( 13, 14 ) . Furthermore, diff erent from the fi ndings in previous reports ( 33, 34 ) , tumor size was not related to local tumor progression in this study. Th ese diff erences are probably because we repeated RFA until we considered we had ablated not only the tumor itself but also some of the liver tissue surrounding it. Furthermore, to avoid local tumor progression, we were more cautious in the treatment of larger tumors when deciding whether suffi cient ablation had been performed. Only serum DCP level was signifi cantly related to local tumor progression in this study. Elevated serum DCP level may be related to the malignant potential of HCC such as the development of portal venous invasion ( 35 ) .
Th e frequency of distant recurrence in this study was similar to that reported in other studies ( 13 ) . Among the variables signifi cantly related to distant recurrence, tumor size, tumor number, serum AFP level, and serum DCP level were probably related to micrometastasis, which had not been detected by imaging modalities before the treatment, while anti-HCV, Child-Pugh class, and platelet count were related to metachronous multicentric carcinogenesis, which developed based on underlying chronic liver disease.
From the viewpoint of survival and distant recurrence, patients with 2.1 -5.0 cm tumors had signifi cantly worse outcomes than those with ≤ 2.0 cm tumors while those with tumors > 5.0 cm did not have worse rates than those with tumors ≤ 2 cm. Th is is probably ( 32,39 -45 ) . Although this is an observational study with no control, survivals following RFA appear comparable to those reported following surgical resection. Two recent randomized controlled trials showed no signifi cant diff erence in survival between RFA and surgical resection ( 46, 47 ) . Several nonrandomized controlled trials reported that RFA had similar overall survival rates to resection ( 48 -50 ) , while others found resection to be associated with higher survival rates ( 51 -53 ) . Further studies are necessary to resolve comparison of RFA with resection.
We have made strenuous eff orts to standardize the RFA procedure. Although many physicians have participated in RFA at our institution, the procedure was invariably performed according to the institutional protocol and in the presence of experienced physicians. Video recording was also used to monitor the procedure. Additionally, preoperative planning and postoperative evaluation of technique eff ectiveness were also carried out by at least three physicians. We also believe that not only profi cient practice of RFA but also detailed preoperative planning, cautious postoperative evaluation of therapeutic eff ect, and careful follow-up are vital to achieve satisfactory outcomes.
Source population in this study may represent selection bias, as we performed RFA on most patients who were hospitalized at our department; however, many patients with unfavorable tumor conditions for RFA might not have been referred to us. Th erefore, caution is required when extrapolating our fi ndings to the general population of HCC patients.
A second limitation is that study population cannot be clearly defi ned. Th is study was based on daily clinical practice over a 10-year period. Indication criteria of RFA have changed over time, mainly because another percutaneous ablation, that is, ethanol injection has also been performed. Furthermore, various treatments besides percutaneous ablation were available for HCC, such as surgical resection and transarterial chemoembolization, with frequently overlapping indications.
One further limitation is the fact that this was a single-center study; these results might not be reproducible consistently in other settings. To extrapolate the fi ndings in this study to patients at other institutions, careful consideration should be given to diff erences in the indications, methods, expertise, performance of available ultrasound and CT equipment, and others. Treatment outcome may be infl uenced by the physicians ' expertise and the institution ' s volume of care. We started ethanol injection in 1985 and microwave ablation in 1995, that is, before the introduction of RFA. Recently, we have performed over 900 RFA treatments per year, which may represent a far greater number of treatments than those in most other institutions. We would not recommend any change in daily clinical practice solely on the strength of our study fi ndings.
In conclusion, our 10-year clinical experience shows that RFA could be locally curative, resulting in survival for as long as 10 years, and was a safe procedure. RFA might be a fi rst-line treatment for selected patients with early-stage HCC.
